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SUMMARY

The resistive-hose instability is one of the most important instabilities of
intense relativistic electron beams in the collision-dominated background plasma.
This report examines the resistive-hose stability properties for a self-pinched
relativistic electron beam. Without going through a lengthy mathematical deri-
vation,previously known results are recovered in a simple instructive way.

This work was supported by the Independent Research Fund at the Naval Surface
Weapons Center.
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In recent years, there has been a considerable increase in interest in the

1,2

equilibrium and stability properties of intense relativistic electron beams.

This interest is the result of several diverse research programs, including

(a) research on collective-effect accelerators3. (b) research on hiqgh-power

4

microwave generation , and (c) studies of electron beam propacation through a

5-7

neutral gas or background plasma Perhaps one of the most important in-

stabilities of intense relativistic electron beams in the collision-dominated

1. Bennett, W.H., "Magnetically Self-Focusing Streams," Phys.
Rev. 45, 1934, p. 890.

2. Davidson, R.C. and Uhm, H.S., “Thermal Equilibrium Properties
of an Intense Relativistic Electron Beam," Phys. Fluids, in
press, 1979.

3. Destler, W.W., Uhm, H.S., Kim, H., and Reiser, M.P., "Study
of Collective lon Acceleration in Vacuum,".J. Appl. Phys., in
press, 1979.

4. Uhm. H.S., and Davidson, R.C., "Cyclotron Maser Instability
forsggtense Solid Electron Beams," J. Appl. Phys. 50. 1979.
B. ¢

5 Rosenbluth, M.N., "Long-Wavelength Beam Instability," Phys.
Fluids 3 1960, p. 932.

6. Lee, E.P,, “"Resistive Hose Instability of a Beam with the
Bennett Profile," Phys. Fluids 21, 1978, p. 1327.

7. Lauer, E.J., Briggs, R.J., Fessenden, T.J., Hester, R.E., and
Lee, E.P., “"Measurements of Hose Instability of a Relative
Electron Beam," Phys. Fluids 21, 1978, p. 1344,
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5'6. Although the theoret-

background plasma is the resistive hose instability
ical investigation of the resistive hose instability can be found in the
previous studiess's. it is still difficult to understand the physical mecha-
nism of this instability in a straightforward manner. In this regard, this
paper develops a simple sketchy description of the resistive hose instability
within the rigid beam model.

As illustrated in Fiq. 1, the equilibrium configuration consists of in-
tense relativistic electron beam with equilibrium axial current density

Jg(r) in a dense background plasma. The beam electrons propagate along the

z-direction with axial velocity 8¢ éz. where éz s a unit vector along the
z-direction and ¢ is the speed of light in vacuo. As shown in Fig. 1, we in-
troduce a cylindrical polar coordinate system (r,8,z). The total beam

current lb can be expressed as

I, = 2nf; drr 3p(r)- (1)

Moreover, the 6-component of the Maxwell equation for the equilibrium azi-

muthal magnetic field

0 d
Bg(r) = - gz A, (r) (2)
is also obtained from
1'd d LY
F e Ay(r) = - Jb(r). (3)

where Ao(r) is the z-component of the equilibrium vector potential. Definina
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which reoresents the beam mass per unit axial length, it is straightforward

to show from Eq. (1) that
Y. m
o P 4

where q and Ypm are the charge and relativistic mass, respectively, of beam
electrons.

In the stability analysis, a normal-mode aporoach is adopted in which all
perturbations are assumed to vary with time (t) and spatial coordinates (r,6,z)

accordino to
Gw()\t'.t) = y(r)exp(i(6+kz - wt)}.

Here, w is the comolex einenfrequency and k is the axial wavenumber. The

perturbed plasma current density Jo(r) can be calculated from
" = Jwo A (r) (5)
Jp(r) oEz(r) T 2

where o(r) is the nlasma conductivity, and Ez(r) and Az(r) are the z-compo-
nents of the perturbed electric field and vector potential.respectively. The
equation of motion for a plasma fluid element is given by

2
b, g A TR 8 (6)
oz % " ¢ (83 & * By &)

where GJp = Jp exp [i(8 + kz - wt)), po(r) is the plasma mass density, and

;e is a unit vector alona the 6-direction. In the cartesian coordinates,
4"
Eq. (6) can be expressad as

d? 1.7 (7)

0
—, X = =26J
. a2 P ©p w

for the x-component of the equation of motion. Since the equilibrium mean

T
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velocity of plasma fluid element is zero, it is obvious that
2
d

&

Defining xp as a plasma mass per unit axial length, we have

I dsoxp = xp xp, (9)

where ds = drrdd and

xp = X, exo (i (kz - wt)) (10)

is the x coordinate of the center of mass for the plasma column. Since the

beam-plasma system is comoletely isolated from the outside world, we have the

relation 4
2
d . g_. X.
B Tal T B L "
where
% = ;o exp [i(kz - wt)) (12)

is the x coordinate of the center of mass for she electron beam. Substitutina

Eq. (5) into Eq. (7), and making use of Eqs. (4), (8), (9) and (11), we obtain

- QBT 4 (13)
iw Yb'Ib] drr — < Az i
where
; Q=uw- kebc (14)

is the Doppler - shifted eigenfrequency. In obtaining Eq. (14), use has been
made of dz/dt = ByC for the electron beam. Equation (13) is identical to the

result obtained by Lee6.

Equation (13) is one of the main results of this
paper and can be used to investigate stability properties for a broad range of

system parameters.
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For low frequency perturbation satisfying

""‘“"5 (18)
C

<<],

a closed expression of the dispersion relation is obtained from gq. (13). In
Eq. (15), Rb is the effective beam radius. As illustrated in Fig. 2, we assume
that the electron beam is displaced along the x-direction with the displaced
segment ;b' Assuming that the displaced segment ;b is infinitismally small,
we can express the displaced current density Jb(r) as
. a?) °
3y(r) = 9(x-x,)? + y21 2}« 9D(r) [-a;'!] % (16)

from Fig. 2. Therefore, the perturbed current density of the electron beam is
given by . o3 2 d [l d : dAO
bz ¥In b dr |rdr| dvj]° (17)
where use has been made of Eq. (3).
In lowest order consistent with.Eq. (15), the z-component of the perturbed

vector potential Az(r) is calculated from

b
d [1d 4
BF[F 3?["‘2]] e
L2 df1d (9,
“ % HF[ ¥ EF(' ur‘]] (18)
thereby giving the solution i

0]~

Az(") . -[—-a'-.]xb- (19)
. Sub-

which is a typical examole of a riqid displacement of an electron beam™.
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stituting Eq. (19) into Ea. (13) aives the dispersion relation of the resistive

hose instability

2

—a? = furgul (20)

where the product of the magnetic decay time 1g and the effective betatron
frequency-squared ug is defined by

|
|
2 (BT (® dA_\2 (21) }
rB”B '[vbmlb] ] drr gé:l[ -a% ] i ?

(o]

Equation (20) has been first derived by Rosenb\uths. Instability is clearly
indicated by the low-frequency dispersion relation in Eq. (20). For example,
if w is positive and real, then Eq. (20) gives the unstable and damped pair

of roots,

g = :(ma)”zl(i-l)/z'«’zl. (22)

Additional stability properties associated with Eq.(20) are discussed in Ref. 6.

s g —————— g R PN

Finally, we conclude this paper by comparing this beam-plasma system with
a monkey on a banana tree. As shown in Fig.3 the monkey, banana, and banana ‘
tree correspond to the beam electrons, the axial kinetic energy of the beam
and background plasma, respectively, in the beam-plasma system. However, by i
slowly consuming the bananas, the monkey qains the energy and shakes the tree. ;
The bending stiffness of the banana tree corresponds to the resistivity of
background plasma (1/0). We therefore conclude that the energy source of the

resistive hose instability is the axial kinetic energy of the beam.
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Research Fund at the Naval Surface Weapons Center.
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BANANA
(KINETIC
ENERGY
OF BEAM)

MONKEY
(BEAM
ELECTRON)

BANANA TREE (BACKGROUND PLASMA)

FIGURE3 BANANA TREE WITH MONKEY IN ANALOGY OF A BEAM-PLASMA SYSTEM

1"




NOWC TR 79288

REFERENCES

- 1. Bennett, W.H., “Nagn:tically Self-Focused Streams," Phys.
; Rev. 45, 1934, p. 890.

2. Davidson, n.c{ and Uhm, H.S., "Thermal Equilibrium Properties
of an Intense Relativistic Electron Beam," Phys. Fluids, in
press, 1979.

3. Destler, W.WN., Uhm, H.S., Kim, H., and Reiser, MN.P., “Study of
gg;;ectivc Ion Acceleration in Vacuum," J.APPl. Phys., in press,

4 Uhm, H.S. and Davidson, R.C., "Cyclotron Maser Instability for
Intense Solid Electron Beams," J. Appl. Phys. 50. 1979, p. 696.

5. Rosenbluth, M.N., “Long-Navelength Beam Instability," Phys.
Eluyids 3, 1960, p. 923.

6. Lee, E.P., "Resistive Hose Instability of a Beam with the
Bennett Profile," Phys. Fluids 21, 1978, p. 1327.

7. Lauer, E.J., Briggs, R,J,, Fessenden,T.J., Hester, R.E., and
Lee, E.P., “"Measurements of Hose Instabiltiy of a Relative
Electron Beam," Phys. Fluids 21, 1978, p. 1344.

12




NOWC TR 79-288

DISTRIBUTION

Naval Research Laboratoty
Attn: Dr. M. Lampe

Dr. J. Siambis
Washington, D.C. 20365

Naval Sea Systems Command
Attn: Sea-09G32

Sea-038
Washington, D.C. 20362

Office of Chief of Naval Operations
Operation Evaluation Group
Washington. D.C. 20350

Office of Naval Research
Attn: W.J. Condell (ONR-421)
Washington, D.C. 20350

U.S. Army Ballistic Research Laboratory

Aberdeen Proving Ground
Attn: Or. D. Eccleshall (DRDAR-BLB)
Aberdeen, Maryland 21005

Air Force Weapons Laboratory
Kirtland Air Force Base

Attn: Maj. H. Dogliani
Albuquerque, New Mexico 87117

Department of Energy
Attn: Dr. T. Godlove (C-404)
Washington, D.C. 20545

National Bureau of Standards
Attn: Dr. J.M. Leiss
Gaithersburg, Maryland 20760

Austin Research Associates, Inc.
Attn: Dr. W.E. Drummond

1901 Rutland Drive

Austin, Texas 78758

Ballistic Missile Defense Advanced Technolagy Center

Attn: Dr. L.J. Havard (BMDSATC-1)
P.0. Box 1500
Huntville, Alabama 35807

13

Copies

e R L T




DISTRIBUTION (Cont.)

B-K Oynamics, Inc.

Attn : Dr. R. Linz

15825 Shady Grove Road
Rockville, Maryland 20850

The Charles Stark Draper Laboratory, Inc.
Attn: Dr. E. Olsson

§55 Technology Square

Cambridge, Massachusetts 02139

Director

Defense Advance Research Projects Agency
Attn: Dr. J. Mangano

1400 Wilson Boulevard

Arlington, Virginia 22209

IRT Corporation

Attn: Mr. W. Selph

P.0. Box 81087

San Diego, California 92138

Los Alamos Scientific Laboratory
Attn: Dr. G. Best

P.0. Box 1663

Los Alamos, New Mexico 87545

Mission Research Corporation
Attn: Dr. C. Longmire

735 State Street

Santa Barbara, California 93102

Physical Dynamics, Inc.
Attn: Dr. K. Brueckner
P.0. Box 977

La Jolla, California 92037

Sandia Laboratories

Attn: Mail Services Section for:
Dr. R.B. Miller

Albuquerque, New Mexico 87115

Science Applications, Inc.
Attn: DOr. M.P. Fricke

1200 Prospect Streect

La Jolla, Claifornia 92037

Copies




NSWC TR 79-256

DISTRIBUTION (Cont.)

Scinece Applications, Inc.
Attn: Dr. R. Johnston

2680 Hanover Street

Palo Alto, Caltifornia 94304

University of California
Lawrence Livermore Laboratory
Attn: Dr. R.J. Briggs

Dr. E. Lee
P.0. Box 808
Livermore, California 94550

15

Copies







